We have developed a new category of sensor for measurement of the 240 Pu/ 239 Pu mass ratio from aqueous solution samples with advantages over existing methods.
Introduction
Knowledge of plutonium isotopics, including the 240 Pu/ 239 Pu mass ratio, is an important component of materials analysis in the context of nuclear nonproliferation, safeguards and forensics. [1] [2] [3] [4] [5] The isotope content carries information about the origin and processing history of the material. Common analysis methods include mass-spectrometry and alphaspectroscopy. Mass-spectrometry is a highly capable method, 6 but one must consider the instrument complexity, cost, and sample preparation requirements. Alpha-spectroscopy is simple and inexpensive, but sample preparation requires electrodeposition to limit energy straggling, and the best silicon detector energy resolution (10 keV FWHM at 5.5 MeV 7 ) is insuffient to resolve closely-spaced alpha-particle line energies, requiring considerable spectral deconvolution.
8,9
A new approach described here overcomes many of the drawbacks of conventional analysis methods. We use a superconducting transition-edge-sensor (TES) 10 with an attached gold foil to absorb the decay radiation. [11] [12] [13] [14] Plutonium isotopes in solution are deposited onto the gold foil and the solvent is allowed to evaporate, then the foil is folded to completely encapsulate the radioactive material. In principle, all decay products are captured in the foil, such that all decays result in a measurement of the single Q-value of the decaying isotope, regardless of the exact decay path. The measurement is insensitive to the fine structure of the daughter nucleus that gives rise to the multiple closely-spaced line-energies observed in conventional alpha-spectroscopy. Plutonium alpha decay directly to the daughter atom ground state produces a ∼5 MeV alpha-particle and a low-energy (<100 keV) recoil nucleus.
For decay to an excited state of the daughter atom, additional radiation of electrons below 100 keV, and x-rays below 14 keV, can be expected from subsequent de-excitation. A gold foil thickness on the order of 15 microns is sufficient to stop this radiation. Higher energy electron, x-ray, and gamma-ray emissions do occur such that energy can escape the foil, but branching fractions for these decay paths are sufficiently small (<5e-4) that we consider them to be negligible. Measurement of the decay Q-value therefore produces a single spectral peak per isotope.
Decay product energy is thermalized in the gold foil. The TES acts as a sensitive thermometer to measure the temperature rise, which is proportional to the energy deposited.
TES microcalorimeters are based on a superconducting film electrically biased in the transition region between the superconducting and normal states. In this narrow transition region, the resistance of the film is strongly dependent on temperature. After the initial temperature rise, the energy flows through a weak thermal link into the heat bath, and the temperature returns to its steady-state level until the next event. A voltage bias is applied to the TES so that the current flowing through the TES changes with the increased temperature. This current change is measured using a Superconducting Quantum Interference Device (SQUID).
A single pulse response is measured for each nuclear decay. Pulses are read out through a single first-stage SQUID, followed by a series-array SQUID, followed by a room-temperature amplifier. The low-noise performance of the TES and SQUID readout allows for very high- helium pulse-tube followed by an adiabatic demagnetization refrigerator.
Experimental Section
Conventional devices have used a thin silicon-nitride film to support the TES structure. Pu sample showing the effects of mechanically kneading the absorber on spectral quality. Lines indicate which counts are associated with each isotope. (a) un-kneaded absorber with two energy peaks visible for each isotope, (b) after absorber was kneaded 3 times, (c) after absorber was kneaded 6 times, (d) after absorber was kneaded 100 times. Mechanically kneading the absorber causes counts to concentrate in the higher-energy peak for each isotope, improves resolution, and reduces low-energy tailing. After kneading 100 times, a single peak is observed for each isotope with high resolution, minimal tailing, and good separation.
together is about 4 nW/K. This design can withstand considerable physical manipulation, repeated absorber attachments, and repeated wire-bond attachments (two wire-bonds are needed to provide the bias current to the TES).
Nominal absorber foil dimensions are 1.8mm × 3.6mm × 15µm, with a total heat capacity of 600 pJ/K. Sample material in solution is transferred to the foil by micro-syringe. Figure   1b shows a dried sample on the gold foil. Figure 1c shows a folded gold foil attached to a TES chip using a small amount of indium powder, which has natural adhesive properties.
Use of the indium powder allows the foil to be removed from and reattached to the TES any number of times. Thus, the sample can be reaquired for additional analysis and a single TES detector can be used for the measurement of many samples.
An additional sample preparation step is necessary to achieve clean, high-resolution spectra. The absorber foil is mechanically kneaded in order to break up crystalline residue left behind after the sample solution evaporates. The absorber was squeezed multiple times between the jaws of a pliers. Figure 1d shows a kneaded absorber attached to a TES detector.
A dramatic effect is observed in the measured energy spectrum as a result of the mechanical kneading ( Figure 2 ). Data collected from an un-kneaded absorber show two distinct spectral peaks for each isotope and considerable low-energy tailing. As subsequent rounds of mechanical kneading are applied, counts systematically shift into the higher-energy peak for each isotope, the low-energy tails are reduced, and the resolution improves. After kneading the absorber about 100 times, a very clean spectrum was measured with a single peak at the Q-value of each isotope.
We hypothesize that because alpha-particles deposit the bulk of their energy near the end of their track, events can be considered to occur primarily either in the gold or in the crystalline residue. Due to differing lattice damage effects 15 and thermal transport properties, two energy peaks are observed depending on which material the alpha-particle primarily interacts with. Mechanical kneading breaks down the plutonium-nitrate residue left on the surface of the gold foil after evaporation and improves integration of the radioactive material with the absorber so that most interactions occur directly in the gold, and the secondary peak is eliminated. Figure 3a shows an optical image of a dried plutonium-nitrate sample, where crystalline material desposits on the order of 5-10 µm are visible on the surface of the foil. Figure 3b shows a scanning transmission electron microscope (STEM)
image of a mechanically kneaded absorber using high angle annular dark field (HAADF) mode to show atomic number contrast. For the STEM image, lanthanum-nitrate was used as a non-radioactive substitite for plutonium-nitrate. In the kneaded absorber, the sample material particles are less than 50 nm in size and well-integrated with the gold matrix.
Separate Q-value measurements performed on an electrodeposited 238 Pu sample did not show the secondary peak. Furthermore, data collected from dried droplet 209 Po and 210 Po samples do not show the secondary peak, and polonium is known to autodeposit onto surfaces, leading to the sample being well-adhered to the gold foil rather than inside the residue.
Even in an ideal case, some resolution degradation and low energy tailing is expected from lattice damage effects. 14 Attempts to anneal the absorber with heat and pressure, instead of mechanical kneading, were unsuccessful. events with pulse pileup, and other spurious events. A Weiner optimal filter was applied to the pulse records to achieve the best resolution. Gain drift on the order of a few tenths of percent can occur during the course of the data collection period. This was corrected for by applying a running-lines smoother to the scatter plot of filtered peak amplitude versus time.
A two-point energy calibration is applied to the optimal filtered spectrum using the 239 Pu and 240 Pu Q-values (5244.43 keV and 5255.75 keV).
Results and Discussion
The measured Q-value spectra for the two samples are shown in Figure 4 on linear and logarithmic scales. We observe nearly complete separation of the 239 Pu and 240 Pu Q-value peaks, only 11 keV apart, with only a small fraction of the 240 Pu low-energy tail falling underneath the 239 Pu peak. Quantitative spectral analysis was performed by least-squares fitting of the data with a two-tail Bortels function 16 (a Gaussian with two exponential tail components). The spectral fit uses nine free parameters: an overall normalization factor, the 240 Pu/ 239 Pu activity ratio, a Gaussian width for each peak, the centroid value of the two Gaussians, two tail parameters shared by each peak, and the intensity of the tail relative to the Gaussian. The 240 Pu/ 239 Pu activity ratio (R act ) extracted from the spectral fit is con- value measurements, the sample materials were also analyzed by thermal ionization mass spectrometry (TIMS) to provide confirmation of the results. Table 1 shows a summary of the measurement results. Energy resolutions determined from the Gaussian component of the Bortels fit are as low at 1.0 keV FWHM, an order of magnitude better than typically achieved for alpha-spectroscopy using conventional silicon detectors. The reduced χ 2 values of the Bortels fit are small, although sample B displays some counts in excess of the fit function for energies above the 240 Pu Q-value. We observe small pulses (on the order of 10 keV) in the data, which could coincide with the large Q-value pulses and escape our algorithm to detect and discard such events. These could be events that occur very near the surface of the absorber, such that the alpha particle can escape, carrying with it the bulk of the decay energy. 
Conclusions
We have developed new instrumentation and methods for measurement of the 240 Pu/ 239 Pu mass ratio for samples from aqueous solution. The method has several advantages over conventional approaches such as mass-spectrometry and alpha-spectroscopy. The sample preparation requirements are simple and practical. Droplet evaporation, followed by mechanical kneading of the foil produces Q-value spectra with energy resolution near 1 keV FWHM at 5.5 MeV. Mechanical kneading of the absorber reduces the size of radioactive inclusions within the absorber to scales below 50 nm such that decay products primarily interact with atoms of the host material. The spectra present a single peak per isotope at the decay Q-value, rather than multiple peaks observed with conventional alpha-spectroscopy.
This permits a much simpler spectral analyis that is less susceptible to systematic errors from peak deconvolution. Since the detection efficiency is 1, and counts are concentrated into a single peak per isotope, detection sensitivities are expected to be lower than alphaspectroscopy limits. The method is still radiometric, with detection sensitivity dependent on isotope half-lives. 
